Milk consumption and lactose digestion after weaning are exclusively human traits made possible by the continued production of the enzyme lactase in adulthood. Multiple independent mutations in a 100-bp region-part of an enhancer-approximately 14-kb upstream of the LCT gene are associated with this trait in Europeans and pastoralists from Saudi Arabia and Africa. However, a single mutation of purported western Eurasian origin accounts for much of observed lactase persistence outside Africa. Given the high levels of present-day milk consumption in India, together with archaeological and genetic evidence for the independent domestication of cattle in the Indus valley roughly 7,000 years ago, we sought to determine whether lactase persistence has evolved independently in the subcontinent. Here, we present the results of the first comprehensive survey of the LCT enhancer region in south Asia. Having genotyped 2,284 DNA samples from across the Indian subcontinent, we find that the previously described west Eurasian -13910 C.T mutation accounts for nearly all the genetic variation we observed in the 400-to 700-bp LCT regulatory region that we sequenced. Geography is a significant predictor of -13910*T allele frequency, and consistent with other genomic loci, its distribution in India follows a general northwest to southeast declining pattern, although frequencies among certain neighboring populations vary substantially. We confirm that the mutation is identical by descent to the European allele and is associated with the same .1 Mb extended haplotype in both populations.
Introduction
Lactase persistence (MIM #223100) is an exclusively human trait (Johnson et al. 1974) , inherited in a dominant Mendelian fashion (Ferguson and Maxwell 1967; Sahi et al. 1973) , and defined as the ability to maintain postweaning production of the enzyme lactase-phlorizin hydrolase (LPH), which hydrolyzes the milk sugar lactose into its component monosaccharides. In all other mammals tested, LPH production diminishes significantly after weaning and is never resumed (Plimmer 1906; Sebastio et al. 1989; Buller et al. 1990; Lacey et al. 1994 ). Initially considered to have a worldwide distribution, data collected from the mid 1960s and onward revealed that lactase persistence is geographically restricted and not the ancestral condition in humans. This trait is most common in northwestern Europe (Cuatrecasas et al. 1965; Bayless and Rosensweig 1966; Simoons 1978; Davey Smith et al. 2009; Ingram, Mulcare, et al. 2009 ) and decreases in frequency east and south of there, reaching near-zero frequencies east of the Indian subcontinent (Ingram, Mulcare, et al. 2009; Itan et al. 2010) . It is also present at moderately high frequencies in certain ethnic groups from sub-Saharan Africa, the Near East and the Mongolian plateau that have a history of milk consumption and pastoralism (Simoons 1970a; McCracken 1971; Durham 1991) .
West Eurasian lactase persistence has been attributed to a single nucleotide change located approximately 14-kb upstream of the LCT gene (rs4988235, henceforth -13910 C.T; Enattah et al. 2002; Troelsen et al. 2003) . In populations examined so far, the -13910*T allele is associated with a single extended haplotype that spans about 1 Mb (Poulter et al. 2003; Bersaglieri et al. 2004 ). The only exceptions to this are some rare chromosomes present in a group of populations living in the Eastern European Plain, where an argument has been made for the convergent origin of the -13910*T substitution (Enattah et al. 2007) , although in this case, the data are also compatible with recombination or errors in phase inference. In spite of this strong genotype-phenotype association in Europe, -13910 C.T does not explain the observed patterns of lactose tolerance in Africa (Mulcare et al. 2004 ) and some other regions of the Old World (Itan et al. 2010) . Recent studies have instead identified other variants of probable functional significance in the same small (approximately 100 bp) genomic region with known enhancer function (Olds and Sibley 2003; Lewinsky et al. 2005 ) among pastoralist, milk-drinking groups in sub-Saharan Africa (Ingram et al. 2007; Tishkoff et al. 2007; Ingram, Raga, et al. 2009 ) and Saudi Arabia (Enattah et al. 2008) . Compared with the wide geographic distribution of -13910 C.T, the African and Arabian variants exhibit somewhat narrower and overlapping geographic distributions (Itan et al. 2010) .
These multiple instances of phenotypic convergence imply the existence of a strong selective advantage to being lactase persistent in cultures where milk is commonly available. Indeed, genomic scans for signatures of natural selection have identified the 1-Mb region on chromosome 2 surrounding -13910*T as harboring signals of recent strong positive selection centered around -13910*T itself (Bersaglieri et al. 2004; Voight et al. 2006; Sabeti et al. 2007 ); the same is true of the .2 Mb surrounding -14010*C, one of the African variants (Tishkoff et al. 2007 ). In addition, variation in linked microsatellites (Coelho et al. 2005) , an absence of the -13910*T allele in a sample of early Neolithic central European skeletons (Burger et al. 2007 ) and demic (Gerbault et al. 2009 ), as well as spatially explicit computer simulations (Itan et al. 2009 ) have all added support to the case for a strong selective advantage. Other studies have documented the occurrence of several different mutations in lactose-digesting members of a single ethnic group, suggestive of a recent soft selective sweep (Ingram, Raga, et al. 2009 ).
The likely selective advantage has been argued to be conditional on postweaning access to abundant sources of milk (Simoons 1970a; McCracken 1971; Durham 1991) , something that would not have been widely available to humans prior to the domestication of cattle, sheep, or goats and the development of dairying practices. It has therefore been argued that the generalized adoption in Europe of a dairying culture during the Middle Neolithic, after the domestication of taurine cattle in the Near East, led to positive selection for lactase persistence and thus to the trait's present-day high frequency in populations from the region (Clutton-Brock 1999; Troy et al. 2001; Evershed et al. 2008; Itan et al. 2009 ). Its presence in sub-Saharan Africa may at least in part be explained by the adoption of pastoralism and dairying by north African groups that subsequently expanded south as indicated by the archaeological record and the pattern of expansion of their cattle (Hanotte et al. 2002) , but the occurrence of several novel alleles in East Africa and the Arabian peninsula indicates convergent evolution. One with wider distribution, -13915*G, is most frequent in Saudi Arabian camel herders, who also exhibit a high frequency of lactase persistence (Enattah et al. 2008) , suggesting that it may have originated in the Arabian peninsula, although the other known mutations (13907*G and 14010*C) are likely to have originated in Africa (Ingram et al. 2007; Tishkoff et al. 2007 ). The Indian subcontinent, at the eastern extreme of the phenotypic distribution (Simoons 1970b) , remains a glaring lacuna in current knowledge. India is the world's largest milk producer today (Food and Agriculture Organization of the United Nations 2009), and zebu cattle, Bos indicus, a species distinct from west Eurasian Bos taurus, was probably domesticated in the Indus Valley around 7,000 years before present (YBP) (Meadow 1993; Loftus et al. 1994; Baig et al. 2005; Chen et al. 2010) . A second milking animal, the water buffalo (Bubalus bubalis), accounts for over 50% of the milk produced in India (Kumar et al. 2007 ) and has similar levels of milk lactose to cattle (Jensen 1995) , although specific details of its domestication time and archaeological context in India are lacking. Yet, despite being host to over 1 billion people and having a well-documented history of consumption of dairy products (Simoons 1970b) , little is known about the distribution of lactase persistence beyond a flurry of studies conducted in the 1970s (Desai et al. 1970; Swaminathan et al. 1970; Gupta et al. 1971; Reddy and Pershad 1972; Tandon et al. 1981) . These data suggest that phenotypic lactase persistence could be as high as 0.73 in some north Indian populations and rare or absent from some groups in the south of the country, predicting an overall north-south phenotypic frequency gradient, as well as a moderately high countrywide frequency of the phenotype. With the exception of a single recent study in which variation at the -13910 position was typed in two mixed urban populations (Babu et al. 2010) , there exists no genotypic data related to the lactase persistence phenotype in India.
We have undertaken the first countrywide screening of DNA samples from all major language groups and geographic regions of India (n 5 2284) and sequenced the region around -13910 to identify polymorphisms that are known to be or might be associated with lactase persistence.
Gallego Romero et al. · doi:10.1093/molbev/msr190 MBE In order to distinguish between shared and independent origins of mutations and to determine the extent of potentially positive selection, we genotyped a subset of 199 samples for over 1,000 single nucleotide polymorphisms (SNPs) surrounding the LCT locus on chromosome 2. These data are used to address four aspects of the genotypic basis for milk drinking among south Asians-first, what is the distribution of the west Eurasian -13910*T allele as well as that of any other mutations in the 700-bp region surrounding -13910 C.T that may be segregating in the country; second, how does this distribution fit previously reported frequencies of the lactase persistence phenotype; third, is the trait associated with linguistic, geographical, or ancestral subsistence factors; and lastly, is there genetic evidence for positive selection acting on lactase persistence alleles in the Indian subcontinent.
Materials and Methods

Sample Composition
Our sample consisted of 2,264 individuals from 105 distinct tribal and caste populations representing all five major language families and 22 of 28 Indian states, and a single Union territory, as well as a sample of 20 Tharu individuals from Nepal, for a total sample size of 2,284 unrelated individuals. States were grouped by previously described geographic regions (Sahoo et al. 2006) ; the Nepali samples were grouped with north India. A more detailed description of the samples is provided in supplementary table 1(Supplementary Material online). All samples were collected with the informed written consent of the donors, and the study was approved by the Institutional Ethical Committee of the Centre for Cellular and Molecular Biology in Hyderabad.
Data Sequencing and Genotyping
Polymerase chain reaction (PCR) amplification was carried out using previously described conditions and primer pairs MCM6i13-LAC14CL2 and MCM6i13-MCM778, which respectively yield 427-and 706-bp amplicons (Ingram et al. 2007 ). We sequenced the amplified region surrounding the -13910 C.T locus in all 2,284 individuals using an ABI Prism 3730XL DNA Analyzer and BigDye terminator chemistry (Applied Biosystems, Foster City, CA). Sequence data were analyzed using Sequencher 4.8 (Genecodes, Ann Harbor, MI); all sequences were inspected visually and scored at all identified variable sites. All newly determined polymorphic positions and singletons were confirmed by reamplification and sequencing from the opposite strand. Similarly, the allelic status of individuals with the -13910*T allele was confirmed by an independent PCR. Population-, geographic-, linguistic-, and continental-level exact tests of Hardy-Weinberg equilibrium were carried out using a previously described method (Wigginton et al. 2005) . Wilcoxon rank sum and Kruskal-Wallis tests were used to search for significant effects in population allele frequencies of subsistence, linguistic, and geographic factors. Chisquare tests were used to confirm associations between the presence/absence of lactase persistence alleles and geographic and linguistic factors and Mantel tests to test for interactions between geographic origin and linguistic affiliation known to covary across India. The linguistic distance matrix ranked populations that spoke languages from the same language family as having a distance of 0, whereas populations who spoke languages from different families had a distance of 1. We deemed the 0-1 approach most suited to ensuring the independence of the two matrices as the inclusion of more detailed linguistic information (i.e., subbranches) would force the introduction of additional arbitrary parameters when calculating distances between subbranches of different language families.
In all cases, we estimated a predicted phenotypic frequency of lactase persistence due to the given mutation assuming dominance using the Hardy-Weinberg formula 2pq þ p 2 , where p is the frequency of the lactase persistence-associated allele and q 5 1 À p, observing no deviations from expectations in any of the individual population groups. To reduce noise due to small sample size effects, however, we excluded from all population-level analyses 25 groups that had sample sizes ,10. Data from a total of 81 populations were therefore included in downstream analyses. Then, we used the GenoPheno Monte Carlo method (Mulcare et al. 2004; Itan et al. 2010) to test whether our genotypic data could explain observed (from published literature) phenotype frequencies throughout the subcontinent, after factoring in sampling errors at both the genotypic and the phenotypic level, as well as type 1 and type 2 error rates in phenotype testing methods (usually breath hydrogen or blood glucose) as described by Mulcare et al. (2004) and Itan et al. (2010) . All statistical analyses were performed using R 2.10 (R Core Development Team 2009). Published phenotype frequencies based on lactose tolerance testing of Indian populations without genotype information were retrieved from the online GLAD database (http://www.ucl.ac.uk/mace-lab/resources /glad, 2011 August 15). Surface interpolation and maps were generated by the PyNGL Python module (http:// www.pyngl.ucar.edu/, 2011 August 15).
Haplotype Data Analysis
One hundred and ninety-nine Indian individuals in our sample (supplementary table 1, Supplementary Material online) were also genotyped using either the Illumina Infinium 650K (n 5 152) or the 610K SNP (n 5 47) platforms (Illumina, San Diego, CA). We retrieved unphased SNP data for the 5 Mb surrounding -13910 C.T (hg18 chr2:134,000,000-139,000,000) for these individuals as well as for the 506 unrelated individuals of European (n 5 156), Near Eastern (n 5 160), or Pakistani (n 5 190) ancestry included in the Human Genome Diversity Panel-Centre d'Étude du Polymorphisme Humain (HGDP-CEPH), who have been previously genotyped on the 650K platform (Li et al. 2008 ). Data were phased using Beagle 3.1 (Browning and Browning 2007). Although -13910 C.T is not included in either the 650K or the 610K platforms, the HGDP-CEPH populations have been previously genotyped at this position (Bersaglieri et al. 2004 ), so we were able to include Lactase Persistence in India · doi:10.1093/molbev/msr190 MBE it in our data set. The 5-Mb region spanned 1,152 SNP loci present in both SNP chips genotyped in 705 individuals.
By the use of a solid spine method (Barrett et al. 2005) , we identifiedinthephaseddataa60-kblinkage blockspanningthe lactase enhancer, containing 15 SNPs, which we used to define short-range haplotypes in the region surrounding the enhancer (supplementary table 2, Supplementary Material online).WethenusedtheprogramNETWORK4.5.1.6tocreatean unrooted median joining network (Bandelt et al. 1999 ) from these SNPs ( fig. 2 ). There is no overlap between markers included in the Illumina 650K and those originally employed to define the core LCT gene haplotypes (Hollox et al. 2001) . To associate the 60-kb linkage block haplotypes with the established core haplotype nomenclature, we used the trio samples from HapMap CEU individuals, who have been genotyped for both sets of markers as had other members of their two-or three-generation families, which had allowed us to determine accurately the phased haplotypes from family structure.
We employed the program Sweep (Sabeti et al. 2007 ) to calculate EHH and relative EHH (REHH) scores for the 15-SNP-long core haplotypes in our four continental population groups after exclusion of 106 SNPs not annotated in the UCSC human genome build 16, which is the genomic build employed by Sweep. We further chose to calculate separate scores for Indo-European speakers and non-Indo-European speakers to test for differences between the two groups in light of a possible association between geography, linguistic affiliation, and the frequency of the lactase persistence allele uncovered by our analyses.
Results
-13910 C.T in India
Sequencing of the 427-and 706-bp PCR amplicons, approximately 14-kb upstream of the LCT gene in a total of 2,284 individuals, revealed that the derived -13910*T allele has the highest frequency among the observed mutations as well as the widest distribution throughout the Indian subcontinent (table 1, supplementary table 1 , Supplementary Material online). Its frequency ranges from 0.8% among the Tibeto-Burman speakers to 18.4% among Indo-European speakers, with west India showing the highest frequency of the derived allele; it has an average countrywide frequency of 10.3%. Seven other segregating polymorphic sites were also observed, one of which (-13779 G.C) has an overall frequency of 2.4% in India (supplementary table 3, Supplementary Material online), whereas the remaining six mutations combined have an overall frequency of roughly 1%.
A broad geographic distribution map of -13910*T allele frequency in south Asia is presented in figure 1. Despite the general north to south and west to east frequency gradient, the occurrence of the -13910*T allele showed large differences between some neighboring groups (supplementary table 1, Supplementary Material online). Population-level mean allele frequency is 0.09 (standard deviation [SD] ± 0.118); it is absent in almost a third of the population samples that met our criteria for minimum sample size of 10 and peaks in the Ror of Haryana (0.489, n 5 46), a traditional milk-drinking people who herd water buffalo and a predicted frequency of the lactase persistence phenotype of 0.739. Of further curious note is the single Great Andamanese individual with a C/T genotype, suggestive of recent mainland Indian admixture (Thangaraj et al. 2003; Reich et al. 2009) .
No single population under study showed significant departures from Hardy-Weinberg expectations (table 1) . However, when pooled either by linguistic or by geographic criteria, disequilibrium is apparent in south and west India and in Dravidian and Indo-European speakers, indicating a Wahlund effect (Wahlund 1928) due to nonnegligible population structure. When considering all India as a single population, deviations from equilibrium due to the excess of homozygotes are pronounced (exact P 5 2.83 Â 10 À13 ). This deviation is more pronounced than in 156 unrelated European HGDP-CEPH samples (exact P 5 0.0007). This finding is consistent with genome-wide patterns of generally higher population differentiation in India than in Europe (Reich et al. 2009 ) as it stems primarily from an excess of homozygotes of both genotypes and corresponding shortage of heterozygous individuals.
We grouped populations by their linguistic or geographic affiliation (table 1, supplementary table 1, Supplementary Material online) and carried out Kruskal-Wallis tests to assess the effect of these factors on -13910*T allele frequencies. Both geography (P 5 1.853 Â 10
À6
, n 5 81) and language (P 5 1.74 Â 10
, n 5 81) exhibit significantly nonrandom association with allelic frequencies, whereby groups from west India, or those that speak Indo-European languages are more likely to carry the -13910*T allele than any other group. It is difficult to quantify the degree of autocorrelation between our two main explanatory variables, but they are well known to covary (supplementary table 1, Supplementary Material online); a further Kruskal-Wallis test applied only on data from Indo-European speakers showed that geography remains significant (P , 0.01) even when controlling for language. Because there is no geographic region covered by our data with a sufficiently large number of populations of diverse linguistic affiliations, we cannot test the reverse hypothesis. Contingency table v 2 tests further support the lack of independence between the presence of lactose tolerance in populations (i.e., freq T . 0) and linguistic affiliation (P 5 6.15 Â 10
À5
, degrees of freedom [df ] 5 5) or geographic origin (P 5 3.24 Â 10 À4 , df 5 6); they also strongly support the lack of independence between our two main predictors (P 5 3.85 Â 10 À29 , df 5 30). Finally, Mantel tests suggest that geographic origin is having a significant effect on population frequencies of -13910*T (P 5 0.005), although the effect of linguistic affiliation is negligible (P 5 0.31); a partial Mantel test for the effects of linguistic affiliation holding geography constant further supports this conclusion (P 5 0.707).
Other Enhancer Region Alleles Identified
Apart from -13910 C.T, we found seven other segregating sites in our samples with a combined frequency of the derived alleles 0.035. Four have been previously described; the Gallego Romero et al. · doi:10.1093/molbev/msr190 MBE remaining three are novel (table 1; supplementary tables 3 and 4, Supplementary Material online). Of these seven sites, the mutation -13779 G.C, previously reported in a single lactose intolerant Somali individual (Ingram, Raga, et al. 2009) , is the most common, with a countrywide sample frequency of 0.024. Its distribution is primarily restricted to eastern Kerala, where it reaches its highest frequency in the hunter-gatherer group Kattunaikkan (0.146, n 5 41) and in the nearby Nilgiri Hills of Tamil Nadu. Its frequency in the Toda, who are pastoralists and herders of water buffaloes, is 0.091 (n 5 55), much lower than the observed value for -13910*T for the same group (0.445) but still worthy of note. Also of interest is the -13915 T.C allele, which we have previously found in Muslim populations from southern India (Eaaswarkhanth et al. 2010 ) and which we report here at a low frequency in other populations from the same region, again including the Toda. This is distinct from the previously described -13915 T.G mutation, which was not found in any of the samples.
Reconciling Genotype and Phenotype
On the basis of previously collected lactase persistence phenotype data (Desai et al. 1970; Swaminathan et al. 1970; Gupta et al. 1971; Reddy and Pershad 1972; Tandon et al. 1981) , the average observed frequency of lactase persistence in India appears to be roughly 0.40 (supplementary fig. 1, Supplementary Material online) . However, based on our -13910*T allele frequency data, the predicted countrywide phenotype frequency in our sample is only 0.196. The same is true when we calculate the mean predicted phenotypic frequency at the population group level, 0.158 (SD ± 0.191)-the median population value is likewise low, 0.089. In our data, point estimates of phenotype frequency explained by -13910*T allele frequency only reach or exceed 0.40 in 11 of the 81 sampled groups and are less than 0.1 in 45 of the 81 groups. Given that we observe an absence of -13910*T alleles in many of these samples, phenotype frequencies could in many cases be close to zero; 95% confidence intervals for all populations are given in supplementary table 1 (Supplementary Material online) . Even when we assume that all observed mutations in the genetic region under study are causative and dominant, our predicted countrywide phenotype frequency only increases to 0.24, again substantially lower than 0.40 (supplementary table 5, Supplementary Material online). These results suggest either that there are other major genetic variants The rs id associated with this position, rs4988233, has alleles C and T, the derived T allele was not detected in our sample. Lactase Persistence in India · doi:10.1093/molbev/msr190 MBE outside our sequencing range that are causative of the lactase persistence phenotype or that previous studies have overestimated the actual phenotype frequency in India. However, our GenoPheno analyses (Mulcare et al. 2004; Itan et al. 2010 ) using interpolated allele and phenotype frequency distributions (supplementary fig. 2 , Supplementary Material online) identify only small regions of India where the difference between genotypic and phenotypic frequency remains significant after taking into account sampling and phenotype measurement errors.
Lactase Persistence Genotypes and Pastoralism in India
Several other mutations in the region surrounding -13910 C.T have been found in populations with a tradition of dairying, suggesting repeated convergent evolution of the lactase persistence phenotype. We therefore included five groups in our sample-Ror, Toda, Jat Muslim, Gawli, and Yadava-to represent traditional pastoralist populations of India as we expected these to be the most likely populations to harbor previously unknown mutations. However, even in these populations, -13910 C.T is the main segregating polymorphism, with other variants making relatively small contributions to the diversity in this genomic region. We cannot, however, exclude that these groups have additional alleles in regulatory regions outside the region sequenced. Although at a countrywide level pastoralism is significantly associated with elevated frequencies of -13910*T (Wilcoxon rank sum P 5 0.0065), the number of pastoralist groups included in our calculation is too small for the test to have strong explanatory power. We note that three of these populations (Ror, Jat Muslim, and Toda) have the first, third, and fourth highest frequencies of the -13910*T allele in the sample; these values are greater than the overall sample mean by at least 2 SD (supplementary table 1, Supplementary Material online).
We therefore examined whether these three clear outliers with much higher -13910*T frequencies could be behind the observed deviations from Hardy-Weinberg expectations in the combined sample (table 1) . Indeed, following the removal of all pastoralist individuals from the pooled data sets, HWE P values become nonsignificant in west and south India and Indo-European and Dravidian speakers (table 2), although once again when all India is treated as a single group, disequilibrium remains highly significant (exact P 5 3.60 Â 10
À5
). More interestingly, excluding all pastoralist groups from our Kruskal-Wallis tests for nonrandom associations of geographic and linguistic factors on allele frequency levels reveals that geography (P 5 3.65 Â 10
À6
) is slightly more strongly associated with population frequencies of -13910 C.T than language (P 5 4.36 Â 10 À6 ).
Origins of Indian Lactase Persistence and Evidence for Positive Selection
In light of other instances of convergent evolution of the lactase persistence phenotype in human populations, a key question is whether the Indian -13910*T allele is identical by descent to the European one or the product of convergent evolution. , none of which have a history of pastoralism. All but four of the identified haplotypes have overall sample frequency ,0.05; the remaining ones can be easily mapped to haplotypes A*T, A, B, and C as previously defined (Hollox et al. 2001; Poulter et al. 2003) . All -13910*T alleles in our southern Asian sample ( fig. 2 ) are found on the previously defined European A haplotype background, strongly arguing for a single common origin. Our network clearly recapitulates the previously established relationships between, and distribution of, the high frequency haplotypes, and most of the uncommon haplotypes can be easily identified as recombinants of high frequency ones. The -13910*T allele has been identified as having undergone strong and recent positive selection in European populations (Bersaglieri et al. 2004) . We searched for evidence of selection in our Indian sample by calculating the extended haplotype homozygosity score (EHH; Sabeti et al. 2002) in a 5-Mb region surrounding the -13910 C.T site. Figure 3A -D plots the decay of EHH against genetic distance from the 15-SNP core in all four continental population groups under study; results are shown only for the four observed high-frequency haplotypes. The -13910*T associated haplotype (shown in purple in fig. 3 ) consistently exhibits markedly greater EHH on both sides of the 15-SNP core than any other haplotype. Similarly, REHH scores associated with the haplotype are markedly greater than those associated with any other haplotype (supplementary fig. 3 , Supplementary Material online). High homozygosity encompasses both the LCT and the MCM6 genes and extends nearly 1 Mb on the LCT side (i.e., toward the centromere), although it drops off quickly in the other direction in all groups under study, a finding consistent with previous reports (Poulter et al. 2003; Bersaglieri et al. 2004; Voight et al. 2006; Sabeti et al. 2007 ). The structure of this extended haplotype block is fundamentally the same in all populations as a joint analysis of all samples yields a single fig. 4 , Supplementary Material online). However, although the .1-Mb haplotype is found in all -13910*T-carrying populations, the decay patterns are not identical across populations, with the Indian samples exhibiting a markedly ladder-like pattern of decay, whereas Europe, the Near East, and Pakistan are all characterized by a single steep drop of EHH roughly 800 kb from the core region at around position 135.5 Mb on chromosome 2 (NCBI human genome build 36). Also striking is a clearly visible 500-kb-long region of relatively high EHH associated with haplotype B in all populations. This region is centered around 136 Mb, where two genes, ZRANB3 and R3HDM1, are located. Although the first gene is a zinc-finger protein of unknown function, this second gene, which encodes an R3H domain-containing protein, has been implicated in food conversion efficiency in cattle (Barendse et al. 2007 ). R3HDM1 also shows some evidence of having come under positive selection during the domestication process (Gibbs et al. 2009 ), suggesting that there may be other nearby functional variants under selection in humans. It is interesting to note that Tishkoff et al. (2007) similarly detected evidence of a secondary sweep centered around R3HDM1, and it is possible that the ancestral haplotype for -14010*C on which Tishkoff et al. base their observations may be closely related to the one we are detecting.
With the exception of haplotype A, which shows markedly greater conservation in the proximal direction in the Near Eastern sample than in any other region, the remaining haplotypes display similar degrees of decay across populations. Finally, because Indo-European-speaking groups were repeatedly identified as being significantly associated with lactase persistence in our data, we examined EHH in Indo-European speakers alone (supplementary fig. 5, Supplementary Material online) . There is a sizable overrepresentation of Indo-Europeans (n 5 138) in our genomic Indian data set (n 5 199), which explains the similar decay patterns in figure 3A and supplementary figure 3a (see Supplementary Material online). Of the 122 nonIndo-European chromosomes in our genome-wide data set, only 6 carry the -13910*T allele, and thus, we did not examine them independently.
Discussion
The populations of Europe, Arabia, and parts of Africa that adopted subsistence strategies that included dairying have high frequencies of individuals who can digest lactose after weaning. This phenotype has been shown to be associated with multiple functional mutations in an LCT enhancer region, roughly 14-kb upstream from the transcription start site (reviewed in Ingram, Mulcare, et al. 2009 ). At the genetic level, lactase persistence has evolved independently at least four times (Enattah et al. 2002; Tishkoff et al. 2007; Enattah et al. 2008) ; in two of these cases (-13910*T and -14010*C), the alleles have demonstrably come under the action of positive selection (Bersaglieri et al. 2004; Coelho et al. 2005; Tishkoff et al. 2007; Enattah et al. 2008; Itan et al. 2009 ). Therefore, the appearance and subsequent expansion of an agropastoral subsistence strategy Lactase Persistence in India · doi:10.1093/molbev/msr190 MBE over much of India during the last 7,000 years (Meadow 1993; Loftus et al. 1994; Possehl 1997; Fuller 2003) lead to expectations of a high frequency of lactase persistence in the subcontinent. Indeed, previous studies have suggested that lactase persistence is a common phenotype in Pakistan and northern India (Desai et al. 1970; Swaminathan et al. 1970; Gupta et al. 1971; Reddy and Pershad 1972; Bersaglieri et al. 2004; Babu et al. 2010) . However, the genetic basis of adult lactase persistence in India has remained largely unexplored, leaving major questions about the origins, diversity, and history of this major cultural and nutritional adaptation unanswered. We have conducted a systematic search by sequencing the region in which the key mutations known to cause lactase persistence are found, as well as looking for new mutations, in over 2,284 individuals from 106 populations living in the Indian subcontinent.
-13910*T allele frequency predicts lactase persistence with high accuracy in most of Europe, especially in the northwestern half of the continent (Itan et al. 2010 ). The first study of its incidence in India showed that, at least in two mixed urban populations, this mutation occurs at frequencies .30% (Babu et al. 2010) . The results presented herein not only confirm the widespread presence of the -13910*T allele in India but also the absence of other alleles in the genomic region under study that could make significant contributions to lactase persistence frequencies. Population-level -13910*T allele frequencies within our samples range from 0 to 0.489 and predicted phenotype frequencies from 0 to 0.739. Nonetheless, the predicted countrywide phenotype frequency in our sample, obtained from pooling all data points, is substantially lower (0.196) than estimated in previous interpolation-based studies with considerably less genetic data (;0.40) (Ingram, Mulcare, et al. 2009; Itan et al. 2010) . GenoPheno analyses (Mulcare et al. 2004; Itan et al. 2010 ) on interpolated phenotype and allele frequencies indicate that with the exception of some small regions, this difference is not statistically significant. It should, however, be noted that there is a paucity of phenotypic data.
Short-and long-range haplotype data point strongly toward a single shared origin of the -13910 C.T mutation in Europe and India ( fig. 3) . Given the distribution of the -13910*T allele, the observed degree of haplotype conservation indicates a recent origin followed by a rapid rise in frequency, most likely driven by strong positive selection. There are three a priori scenarios that could explain this sharing: 1) The LRH originated somewhere in south Asia and spread westward; 2) the LRH originated in Europe and spread to India either through the Near East or the Central Asian steppe; and 3) the initial sweep that led to the establishment of the LRH occurred neither in Europe nor India but somewhere in between, either in the Central Asian steppe or in the Fertile Crescent, and spread both east and west from there. It is commonly held that -13910*T and its associated phenotype only became truly advantageous following the domestication of cattle and the adoption of a dairying culture (Simoons 1970a Gallego Romero et al. · doi:10.1093 /molbev/msr190 MBE 1971 Durham 1991) . Comparison of the European and Indian history of cattle keeping suggests that the context for the selective sweep was in place in Europe roughly 2,000 years earlier than in south Asia (Copley et al. 2003; Copley, Berstan, Dudd, et al. 2005; Copley, Berstan, Mukherjee, et al. 2005; Evershed et al. 2008; Balaresque et al. 2010) . The earliest evidence of cattle herding in south Asia comes from the Indus River Valley site of Mehrgarh and is dated to ;7,000 YBP (Meadow 1993) , thus postdating the predicted start of the European Neolithic sweep ;7,500 YBP (Burger et al. 2007; Itan et al. 2009 ). It is therefore plausible that from Europe, the allele subsequently spread into Central Asia, the Near East, Pakistan, and India, although not necessarily by the same route or the same demographic event.
If the -13910*T allele was introduced into south Asia from the west, the question arises as to whether this introduction was part of a major migratory event or a minor gene flow event potentially followed by a selective sweep within the subcontinent. A recent study has argued for a sizeable contribution from western Eurasia to the ancestral north Indian gene pool (Reich et al. 2009 ), although it has not provided a date or a precise origin location for this event, and the observation is compatible with low continuous gene flow over a long time period. However, there is a paucity of mitochondrial DNA (mtDNA) and Y chromosome lineages in the Indian gene pool that have been assigned a Central Asian origin (Metspalu et al. 2004; Sahoo et al. 2006) , suggesting that the west Eurasian genetic contribution identified by Reich et al. (2009) principally reflects gene flow from Iran and the Middle East. It is therefore likely that the -13910*T allele was introduced to the subcontinent via a small number of migrants in the wake of the well-documented sweep for lactase persistence in the European middle Neolithic (Bersaglieri et al. 2004; Burger et al. 2007; Ingram, Mulcare, et al. 2009; Itan et al. 2009 ). Interestingly, a similar small-scale introgression event may also explain the presence of the 13910*T allele in central African populations (Mulcare et al. 2004; Coelho et al. 2005) . The overall low frequency of the -13910*T allele in the subcontinent, and its absence from roughly a third of the population samples, suggests that the selective advantage it confers has been largely restricted to pastoralist groups. Three of the five sampled pastoralist populations have -13910*T allele frequencies vastly greater than the sample mean; of those, the Ror of Haryana are responsible for the frequency peaks visible in figure 1 , a pattern suggestive of FIG. 3 . EHH decay at the continental level. Haplotypes are coded by color; names correspond to those in table 3 and figure 2: purple, haplotype 1 (A*T), associated with lactase persistence; orange: haplotype 2 (A); pale blue: haplotype 12 (B); and gray: haplotype 16 (C). The dashed line marks the location of the 15-SNP core relative to which EHH scores were calculated; it spans hg18 positions 136, 278, 339, 424 . LCT itself is located at positions 136, 261, 311, 220, whereas MCM6 is at chr2: 136, 313, 350, 481 . The centromere is located at roughly 95 Mb; the telomere at 242 Mb. The genomic coordinates are given by Human Genome Build 36/hg18.
Lactase Persistence in India · doi:10.1093/molbev/msr190 MBE adaptation to a lifestyle tightly associated with the consumption of milk products by these populations. A similar high-frequency peak associated with the Toda in south India, however, is obscured by the presence in the sample of three nearby populations with very low -13910*T frequencies. Further studies with more pastoralist populations would be required to explore the link between the lactase persistence allele frequencies and lifestyle in India.
In the case of position -13915, a different substitution, T.G, has been described in East African and Saudi Arabian populations (Ingram et al. 2007; Tishkoff et al. 2007; Enattah et al. 2008) in association with lactase persistence, suggesting that -13915*C, as observed in India, may also be causative of the lactase persistence phenotype, whereas -13779 G.C has not been associated with any known binding sites in the LCT promoter region to date (Troelsen et al. 2003; Lewinsky et al. 2005) . In published data, the -13779*C allele has been reported only in a single lactose nondigester Somali individual (Ingram, Raga, et al. 2009 ), although this is not sufficient evidence to rule out an association with lactase persistence. On a broader scale, five of the seven additional variants we have identified surrounding -13910 C.T can be found in southern India, often segregating in multiple groups. Of these groups, the pastoralist Toda are somewhat exceptional as three alleles can be found in the population at appreciable frequency: -13910*T, -13915*C, and -13779*C. Together these findings are suggestive of the beginnings of a soft selective sweep, in a manner similar to that which has been proposed in a Somali cohort where multiple potentially causative mutations occur together in lactose digesters (Ingram, Raga, et al. 2009 ), although further study of populations in the region and their extended haplotypes would be necessary to confirm this.
These results further indicate that, as in European populations, an association with dairying is the major selective force behind the distribution of lactase persistence in the subcontinent. We nevertheless predict phenotypic frequencies of up to 0.40 in some Indian populations with no traditional links to pastoralism, posing the question of what factors have shaped the countrywide distribution of -13910*T alleles in India among the majority of populations who do not seem to traditionally base their subsistence on dairying (Simoons 1970b ). Populations from north or west India that speak Indo-European languages have, in general, substantially higher frequencies of the -13910*T allele than Dravidian speakers from the south. However, the polymorphism is clearly not confined to Indo-European speakers, and within the Indo-European speaking groups, there is a clear west to east frequency decline, whereas there are no abrupt frequency differences between geographically adjacent Indo-European and Dravidian speakers ( fig. 1, supplementary table 1 , Supplementary Material online). Furthermore, partial Mantel tests showed that this association disappears when geography is controlled for. This geographically contiguous patterning of variation in the locus is consistent with other genetic data from both autosomal and uniparentally inherited marker loci in India (Kivisild et al. 2003; Metspalu et al. 2004; Sahoo et al. 2006; Reich et al. 2009) . A particularly striking example of the complexity of the interaction between subsistence strategy, cultural norms, and geographical proximity is found in the Nilgiri Hills, home to the pastoralist Toda, and three additional nonpastoralist groups, who have allelic frequencies ranging from 0.012 to 0.233. When considering socially defined population structure (i.e., castes and tribes), allele frequency patterns within the same endogamous caste can fluctuate vastly across geographic regions. Likewise, some Indo-European and Dravidian tribal communities, like the Bhil, Badaga, or the Toda, have higher allele frequencies than some Indo-European or Dravidian castes.
The pattern observed among speakers of Tibeto-Burman and Austroasiatic languages requires a separate explanation. In both of these groups, the observed -13910*T allele frequencies are close to 0, consistent with the fact that none of the populations studied from among these language families have known histories of pastoralism or significant milk consumption (Simoons 1970b) . Here, we do find a clear-cut division between linguistic affiliation and genotype. In the case of Tibeto-Burman groups, this is again in line with previous mtDNA, Y-chromosome, and autosomal studies that identified these populations as recent migrants from eastern Asia (Metspalu et al. 2004; Sahoo et al. 2006; Reich et al. 2009 ), whereas the rare instances of lactase persistence in Austroasiatic-speaking populations, like the Mahali of Jharkhand, are probably due to recent gene flow from neighboring Indo-European or Dravidian speakers.
Our study has, for the first time, documented the distribution of known alleles in the LCT regulatory region across India, as well as the existence of previously unknown alleles. Taken together, our results indicate that the -13910*T allele is responsible for the substantial proportion of lactase persistence in the country. Furthermore, haplotype analyses indicate that the -13910*T allele in India is identical by descent to that found in Europe and western Asia, whereas examination of the pattern of haplotype block structure in the context of the archaeological history of herding across this intercontinental region suggests that the -13910*T allele was introduced to India from the west. However, within India, the lactase persistence phenotype has had a more structured adaptive history, with higher frequencies clustered in those groups that traditionally practice a dairying economy. Lactase persistence remains one of, if not, the best examples of coevolution between cultural and biological innovations, and the historical and socioeconomic complexity of India provides a unique opportunity for exploring the processes that generate human diversity.
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